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Abstract 
We have studied the role that vacancy type defects play in the martensitic transformation of Ni-Mn-Ga ferromagnetic shape 
memory alloys by means of positron lifetime spectroscopy. The measurements presented in this work have been performed in 
five ternary alloys. Three of them transform to modulated and two to non-modulated martensitic phases. With these five samples 
we cover a large range in composition. Positron experiments have been performed at room temperature after subsequent 
isochronal annealing at different temperatures and up to a maximum temperature of 600ºC. Results show a large variation of the 
average positron lifetime value with the isochronal annealing temperature in non-modulated samples. However, the response in 
the modulated samples is quite different. The results are discussed in term of different type of positron trapping defects and their 
evolution with the annealing temperature. The present work shows a correlation between vacancy concentration and martensitic 
transformation temperature of ferromagnetic shape memory alloys. 
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Introduction  
Since giant magnetic-field-induced strain (MFIS) was first reported on Ni-Mn-Ga ferromagnetic shape memory 
alloys (FSMA) by Ullakko et al. [1], a great amount of work has been performed to understand and improve the 
system in order to be implemented in practical devices [2-3]. The main drawbacks are the high brittleness, the low 
values of the martensitic transformation (MT) and the Curie temperatures of Ni-Mn-Ga alloys. These limitations 
have stimulated the research of new ferromagnetic shape memory alloys having better mechanical properties. 
Indeed, several studies have been performed to improve the mechanical and thermal properties [4-6].  
___________________________________ 
 
    * Corresponding author. Tel.: +0034-94601-5326 
    E-mail address: david.merida@ehu.es 
Available online at www.sciencedirect.com
© 2012 The Authors Published by Elsevier B.V. Selection and/or peer-review under responsibility of Organizing Committee.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
58   David Merida et al. /  Physics Procedia  35 ( 2012 )  57 – 62 
Different techniques have been used to analyze diverse properties of Ni-Mn-Ga alloys; however, very little work 
has been performed to study the role of vacancies in the martensitic transformation [7]. Positron annihilation 
spectroscopy is a very powerful technique to investigate vacancy-type defects in metals [8]. We have used positron 
annihilation spectroscopy measurements to study the role of vacancy-type defects in the modulated and non-
modulated martensitic transformations of Ni-Mn-Ga polycrystalline alloys. Positron lifetime experiments have been 
performed at room temperature after subsequent isochronal annealing up to 600ºC. 
1. Experimental and computational method 
Polycrystalline ingots of Ni2MnGa were prepared from high purity elements by arc melting under protective Ar 
atmosphere. The ingots were homogenized in vacuum quartz ampoules at 1000 ºC during 24 hours. Small samples 
for calorimetric measurements were obtained from discs previously cut from the center of the ingots by slow speed 
diamond saw. These discs were used for positron lifetime measurements. Subsequent annealing treatments of 30 
minutes at 900 ºC followed by quenching into ice water were performed on the alloys in a vertical furnace. 
Differential scanning calorimetry (DSC) measurements were carried out in a TA Q100 DSC instrument to study the 
thermal behavior of the alloys. The samples were polished after quenching in order to ensure a good thermal contact 
with the equipment. The MT temperatures of the as-quenched samples were obtained from DSC measurements 
performed up to 400 ºC at a heating/cooling rate of 10K/min. All DSC measurements were performed under 
nitrogen atmosphere. 
For positron lifetime measurements a fast system with a resolution of 240 ps was used and a conventional 22Na 
source on a kapton foil was employed as the positron source. All lifetime spectra were analyzed after subtracting a 
constant source contribution.  The statistic of each spectrum was always better than 1.6 millions of counts. For the 
isochronal annealing in positron annihilation measurements, the same heating/cooling rate of 10 K/min was used. 
The points in each positron lifetime curve correspond to the average obtained after 6-10 measurements. For all of 
the results the error is within the size of the symbols in the figures. 
A study of five samples was conducted; three samples correspond to a modulated 7M (Pnnm space group) 
martensitic structure and two to a non-modulated structure (I4/mmm space group). The composition of the five 
samples can be seen in Table 1.  
The theoretical calculations were performed first by solving self-consistently the electron density of the perfect 
or defected solid, using the tight binding version of the linear muffin-tin orbital method within the atomic-spheres 
approximation (LMTO-ASA). Second, calculations of the positron wave function were taken, and finally, the 
positron annihilation rate (the inverse of the positron lifetime) was obtained from the overlap of positron and 
electron densities as: 
 =  r02 c  dr n+(r) n_(r) (r) 
where r0 is the classical electron radius, c is the speed of light in vacuum, n+(r) is the positron density and (r) is the 
so-called enhancement factor, which has been taken into account using the generalized gradient approximation. For 
details about the computational method, see reference [9].  
The positron lifetime calculations in the cubic structure of Ni2MnGa, with lattice parameter of 0.58067 nm [10] 
have been performed in a supercell of 16 atoms (8 atoms of Ni, 4 atoms of Mn and 4 atoms of Ga). 
 
Table 1. Composition of NM1, NM2, M1, M2 and M3 samples (at. %). 
 NM1 NM2 M1 M2 M3 
Ni 52.6 50.5 49.5 50.4 53.0 
Mn 26.7 30.4 28.5 25.2 21.0 
Ga 20.7 19.1 22.0 24.4 26.0  
 
 
2. Results and discussion 
2.1. Calorimeter measurements 
Figure 1 shows DSC measurements carried out up to 400 ºC on the M1 sample quenched from 900 ºC. An 
endothermic peak at 20 ºC can be observed corresponding to the reverse MT (martensite-austenite). The change in 
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the baseline at around 80 ºC corresponds to the Curie temperature. It is also worth noting the presence of an 
exothermic peak at temperatures far above the MT temperature. This peak could be related to processes affecting the 
MT temperature [11]. The exothermic peak is observed only on the first heating up to 400 ºC, and it does not appear 
on subsequent cooling and posterior cycling of the alloy, so the peak must be linked to an irreversible process. After 
that cycling, a change in the MT temperature is observed. If consecutive thermal cycles from 150 ºC to 400 ºC inside 
the exothermic peak temperature range are done a growth in MT temperature is observed. The calorimetric 
measurements show a change in the MT temperature during the isochronal annealing process. This can be 
understood like an ordering process [11]. 
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Figure 1. DSC measurement performed in M1 sample. Figure 2. DSC measurements showing the exothermic 
peaks for samples NM1 and NM2. 
 
Figure 2 shows the exothermic peaks of NM1 and NM2 samples. In the case of the non-modulated NM1 and 
NM2 samples the presence of small endothermic peaks at temperatures above 200 ºC indicates that the reverse MT 
has not been fulfilled at this temperature. This indicates a defect pinning of the martensite-austenite interfaces, 
which may be a consequence of the high concentration of defects in the martensite phase due to the quenched-in 
process [12]. 
The exothermic peak of NM2 sample is shifted to higher temperature around 50 ºC with respect to the peak 
corresponding to NM1 sample, see figure 2. This indicates that the ordering processes occur in NM2 sample at 
higher temperature than in NM1 one. 
 
2.2.Positron lifetime measurements in non-modulated samples 
Figure 3 shows the behavior of the average positron lifetime ( av) as a function of isochronal annealing temperature 
for NM1 sample. The curve has been divided in four regions, denoted by “region 0”, “region I”, “region II” and 
“region III”. The first values of the average positron lifetime on the curve of figure 3 amounts to 185 ps and 
corresponds to the sample as quenched from 900 ºC. The second point, corresponding to the first annealing at 200 
ºC shows a slight increase. We denote this region “region 0”. Between 200 ºC and 300 ºC isochronal annealing 
temperature the average lifetime decreases by more than 5 ps. We have denoted this region as “region I”. It should 
be taken into account that the spectra can be very well fitted with only one single exponential; indeed, it is not 
possible to decompose the spectra in regions 0 and I in more than one single exponential. Between 300 ºC and 400 
ºC the slopes of the positron average lifetime curve increases noticeably. The average lifetime decreases from 179 ps 
to 165 ps at a constant rate. We call this region “region II”. Even though, one exponential fit of the spectra is very 
good in region I, the fit is not satisfactory in region II and a second component is necessary to obtain a good fit of 
the spectra in this region. This different behavior found in regions I and II encourages the thought that in these two 
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regions something different is happening. Above 400 ºC, the average lifetime remains between 167 ps and 164 ps. 
We call this region as “region III”. 
The fact that in the as-quenched NM1 sample the average positron lifetime amounts to 185 ps and only one 
positron lifetime component is present in the spectrum indicates that all positrons are annihilating from one positron 
state, whose lifetime is 185 ps (or from several positron states with similar positron lifetimes close to 185 ps). This 
lifetime value is typical of positrons annihilating from vacancies in metals [13]. In order to be certain, self-consistent 
positron lifetime calculations for Ni, Mn and Ga vacancies (VNi, VMn and VGa) in Ni2MnGa were performed. The 
calculated positron lifetimes corresponding to Mn and Ga vacancies are 195 ps and 196 ps, respectively; and the one 
corresponding to Ni vacancy amounts to 181 ps. The calculated values show that the measured lifetime of 185 ps in 
the as-quenched sample corresponds to positrons annihilating in saturation from vacancies.  
Figure 3 shows that av decreases continuously in region I and, as previously cited, only one lifetime component 
is obtained from the spectra in this region. There are two possible explanations for this behavior: 1) the positron 
state from which positrons are annihilating in saturation (vacancy) is changing with temperature in region I. 2) 
positrons are annihilating in saturation from different types of vacancies and the value of 185 ps is the average of the 
different vacancy lifetimes from which positrons annihilate. The first possibility means that in the as-quenched 
sample only one type of vacancy is present, and with increasing temperature the vacancy turns into another type of 
vacancy with a shorter positron lifetime. Taking into account the theoretical calculations the second possibility 
would mean that in the as-quenched sample the three types of vacancies (or at least the vacancy with the shortest 
lifetime and one of the vacancies with the longest ones) are trapping positrons. With increasing temperature in 
region I these vacancies with the longest lifetimes, VMn and VGa, disappear and the vacancies with the shortest 
lifetime, VNi remain. 
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Figure 3. av as a function of the isochronal annealing 
temperature for NM1 sample. The temperature 
dependence is divided in four regions.   
Figure 4. av as a function of the isochronal annealing 
temperature for NM2 sample.  
 
In region II the average positron lifetime continues to decrease with temperature. However, the lifetime spectra 
can be decomposed in two components. This shows that vacancies are not trapping positrons in saturation. In other 
words, vacancies are disappearing with increasing isochronal annealing temperature in region II. In region III the 
system reaches a stable situation with small changes in the value of the average lifetime, but the spectra are still 
decomposed into two components, meaning that full elimination of positron traps have not been obtained. 
 Figure 4 shows the behavior of the average positron lifetime as a function of isochronal annealing temperature 
for the NM2 sample. As in the case of the NM1 sample we call region 0 the region in which there is no change in 
the average lifetime and spectra decomposition is not possible.  In sample NM2 the region 0 reaches up to 350 ºC. In 
this sample there is not region I, where a decrease of average lifetime is observed with no spectra decomposition 
possible. In region II the average lifetime decreases and a two exponential decomposition is possible. Region II 
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extends from 350 ºC to 450 ºC and region III corresponds to a stable situation and that extends from 450 ºC to 600 
ºC.  
Figures 3 and 4 show that vacancies start to eliminate at higher temperature in NM2 sample than in NM1 one. As 
it can be seen from the figures, region I does not exist for sample NM2. Region II is shifted by 50 ºC above in NM2 
sample with respect to NM1 one. This result correlates with the behavior observed in figure 2. That is, the 
exothermic peaks of NM1 and NM2 samples are shifted by 50 ºC. This shows that the elimination of vacancies is 
related to the exothermic peak, which is related to the MT temperature. Taken into account that the irreversible 
process causing the exothermic peak is an ordering process and that ordering requires diffusion of atoms, which can 
be mediated by vacancies [14], one can assume that vacancies affect the MT temperature. Moreover, it is expected 
that different type of vacancies affect the MT in a different way.  
 
2.3. Positron lifetime measurements in modulated samples 
The behavior of the modulated M1, M2 and M3 samples (see figure 5) is very different to the one shown by the non-
modulated samples analyzed above. In the M1 sample only a valley can be seen between 250 ºC and 450 ºC, with 
the overall decrease amounting only to about 3 ps. It is not possible to decompose the spectra in all the studied 
temperature range and the positron lifetime value of 182 ps measured below 250 ºC is about the same value 
measured above 450 ºC. So, positrons are annihilating in saturation from vacancies below 250 ºC and above 450 ºC. 
Therefore, the valley observed in the temperature range 250-450 ºC cannot be understood as an elimination of only 
one type of vacancies. 
In the M2 sample the average lifetime remains almost constant and in saturation. For the M3 sample we only 
have measured three points to confirm that this sample shows the same behavior as the other two. In the case of the 
modulated samples, the information obtained from the lifetime spectra is that the vacancy concentration is very high 
in all the annealing temperature range. 
There exists a clear difference between positron results in the modulated and non-modulated samples. In non-
modulated samples, a clear elimination of vacancies is observed, while in the modulated ones, such a decrease of 
vacancies is not observed at all. This means that the behavior of vacancies in these two kinds of samples is very 
different. 
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Figure 5. av as a function of isochronal annealing temperature for M1 (open circles), M2 (full circles) and M3 
(squares). 
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3. Conclusions 
The role of vacancy type defects in modulated and non-modulated martensite transformations in polycrystalline 
Ni2MnGa ferromagnetic shape memory alloys has been studied by measuring the effect of the thermal treatment. To 
be sure that the results obtained are of general validity for modulated and non-modulated Ni2MnGa ferromagnetic 
shape memory alloys three modulated samples and two non-modulated samples were measured. These five samples 
cover a large range in composition. 
The positron lifetime measurements show a clear difference in the behavior of positron traps (vacancies) in the 
modulated and non-modulated samples. In the modulated samples the vacancy concentration remains above the 
saturation limit in the whole temperature range. However, in the case of non-modulated samples there is a clear 
elimination of vacancies. 
In the case of non-modulated samples, even though there is vacancy elimination, the positron lifetime behavior 
depends on composition. In NM1 sample, two recovery states, related to the elimination of vacancies are observed. 
However, in NM2 sample only one recovery state is observed. 
Comparison between positron lifetime and calorimetric results indicates that vacancies affect the MT 
temperature.  
In modulated samples a great amount of vacancies exist even at temperatures above the exothermic peak.  
Acknowledgement 
The authors want to acknowledge for financial support the Basque Government under project IT443-10. 
References 
[1] K. Ullakko, J.K. Huang, C. Kantner, R.C. O’Handley and V.V. Kokorin, Appl. Phys. Lett. 69 (1996) 1966-1968. 
[2] K.M. Mostafa, N. Van Caenegem, J. de Baerdemaeker, D. Segers and Y. Houbaert, physica status solidi (c) 4 
(2007) 3554-3558. 
[3] I. Hurtado, D. Segers, J. Van Humbeek, L. Dorikens-Vanpraet and C. Dauwe, Scripta Metallurgica & Materialia 
33 (1995) 741-747. 
[4] M. Wutting, J. Li, C. Craciunescu, Scripta  Mater 44 (2001) 2393-2397 
[5] K. Oikawa, L. Wulff, T. Iijama, F. Gejima, T. Ohmori, A. Fujita, K. Fukamichi, R. Kainuma and K. Ishida, 
Appl. Phys. Lett 79 (2001) 3290-3292 
[6] K. Oikawa, T. Ota, T. Ohmori, Y. Tanaka, H. Morito, A. Fujita, R. Kinuma, K. Fukamichi and K. Ishida, Appl. 
Phys. Lett 81 (2002) 5201-5203 
[7] D. Merida, J.A. Garcia, E. Apiñaniz, F. Plazaola, V. Sanchez-Alarcos, J.I. Pérez-Landazábal and V. Recarte, 
Materials Science Forum, 635 (2010) 55-61. 
[8] A. Dupasquier, G. Kögel, and A. Somoza, Acta Mater. 52 (2004) 4707-4726. 
[9] J.M. Campillo Robles, E. Ogando and F. Plazaola, J. Phys.:Condens. Matter 19 (2007) 176222. 
[10] A.T. Zayak, P. Entel, J. Enkovaara, A. Ayuela and R.M. Nieminen, Physical Review B 68 (2003) 132402.  
[11] V. Sanchez-Alarcos, J.I. Perez-Landazábal, V. Recarte and G.J. Cuello, Acta Materialia 55 (2007) 3883-3889. 
[12] S. Kustov, J. Pons, E. Cesari and J. Van Humbeeck, Acta Mater. 52 (2004) 3083-3096.  
[13] J.M. Campillo Robles and F. Plazaola, Defect and Diffusion Forum 213-215 (2003)141-236. 
[14] G. Erdélyi, H. Mehrer, A.W. Imre, T.A. Lograsso and D.L. Schlagel, Intermetallics 15 (2007) 1078-1083. 
